) hybrid shells incorporated with graphite carbon were synthesized using polystyrene spheres as templates, followed by polyaniline (PANI) and TiO 2 coating, and then post-treatments of etching and calcination, where PANI functioned as both C and N doping sources and supplied the graphite carbon. Compared with pure TiO 2 and C-doped TiO 2 (C-TiO 2 ) hybrid shells, C/N-TiO 2 hybrid shells exhibited enhanced photocatalytic activity in the degradation of organic dyes and H 2 production under visible light irradiation, which could be attributed to the enhanced visible light absorption and charge separation efficiency associated with the codoped-C and N and the presence of graphite carbon. It is believed that the strategy presented here will provide a promising route for the construction of other C/N-semiconductor hybrid shells for broader applications.
Introduction
Titania (TiO 2 ), as one of the photocatalysts with the most potential, has been widely investigated for energy storage and environmental treatment, 1 owing to its low cost, non-toxicity, stability and high photocatalytic activity.
2 However, the photocatalytic activity of pure TiO 2 is still very low, mainly due to its relatively large band gap which can only be excited by UV light and the high rate of recombination of photogenerated electron-hole pairs.
3 To solve these problems, many effective strategies have been made to improve the photocatalytic activity by enhancing its visible light absorption and improving the separation efficiency of electronhole pairs.
4 One common approach for shiing the light absorption of TiO 2 to the visible region is to change its inner band structure by replacing the oxygen in the lattice to narrow the band gap. Recently, efforts have been focused on introducing nonmetallic elements into TiO 2 to enhance its photocatalytic activity (such as C, N, S, B and F).
5 It has been reported that the introduction of these non-metallic elements can shi the light absorption of TiO 2 to the visible light region to enhance the visible light absorption and corresponding photocatalytic activity. Among these non-metallic elements-doped TiO 2 materials, C or Ndoped TiO 2 -based composites have attracted increasing attention in particular. In the process of C doping, C element can produce a hybrid orbital over the valence band of TiO 2 to decrease the band gap with enhanced visible light absorption.
6 As for N doping, it has been reported that doped N can act as trapping centers for photogenerated electrons and effectively suppresses the recombination rate of the photogenerated electrons and holes.
7 Although many studies have been focused on the preparation of C or N-doped TiO 2 , however, little work has done on the construction of C, N-codoped TiO 2 (C/N-TiO 2 ). It is believed that C/N-TiO 2 will be of highly interest because it possesses both enhanced visible light absorption and separation efficiency of electron-hole pairs, which can contribute to improved photocatalytic activity.
Polyaniline, as one of the most promising conducting polymers, has been widely studied due to its low cost, ease preparation, high environmental stability, and novel special structure-related properties.
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It involves both N and C elements with relatively high molar ratio of N to C at 1/6, which can be chosen as the potential doping source for N and C codoping in TiO 2 within a one-step process. More importantly, in comparison with commonly used gaseous dopants, such as NH 3 , 9 PANI is economical, and can be fully utilized during the doping process with the additional graphite carbon acts as electrically conductive components to improve the transmission of photogenerated electrons.
10 Therefore, designedsynthesis of C/N-TiO 2 hybrids as powerful photocatalysis using PANI as doping sources is of highly important.
Herein, mesoporous C/N-TiO 2 hybrid shells have been successfully fabricated through in situ polymerization and solgel coating method. The calcination route is applied to synthesize C/N-TiO 2 hybrid shells where PANI functions as both C and N doping sources and supplies the graphite carbon, which help to improve the visible light absorption and photogenerated electron-hole pair separation efficiency of TiO 2 , and nally lead to enhanced photocatalytic activity. To the best of our knowledge, this is the rst report of one step C, N-codoping of TiO 2 using PANI as the dopant. Results from catalytic investigations of C/N-TiO 2 hybrid shells toward the degradation of organic pollutions and H 2 production under visible light irradiation indicate that C and N codoping can remarkably improve the photocatalytic performance of TiO 2 . The superior photocatalytic performance of C/N-TiO 2 hybrid shells clearly indicates their potential as low-cost but powerful visible light photocatalysts.
Experimental

Materials
Tetrabutyl orthotitanate (TBOT, 97%) was obtained from Fluka. Anhydrous ethanol, rhodamine B (RhB), ammonia (25-28%), hydrochloric acid (HCl), acetonitrile, styrene monomer, methacrylic acid, ammonium persulfate (APS), and all other reagents were obtained from Sinopharm Chemical Reagent Co. Ltd. (China). Aniline monomer was distilled under reduced pressure. The water used in this study was deionized and puried through a Millipore system.
Synthesis of polystyrene (PS) nanoparticles
In a typical synthesis, styrene monomer (35.0 mL) was mixed with deionized water (150.0 mL), methacrylic acid (1.0 mL) and an aqueous solution of APS (1.0 mL H 2 O containing 0.1575 g APS). Aer stirring for 3 h under 95 C, the PS nanoparticles were separated by centrifugation, washed three times with ethanol, and then dried under vacuum at 50 C for 6 h.
Synthesis of PS/PANI core/shell hybrids
In typical, 111.4 mL aniline was added to 15.0 mL water at ice bath and under ultrasonic treatment for 15 min, followed by the addition of the 0.568 g PS. The mixture was stirred with ultrasonic assistance for 30 min at ice bath. Then 7.0 mL APS aqueous solution (0.045 g mL À1 ) was added to the dispersion.
Aer stirring for 5 min, an aqueous solution of HCl (1.4 mL H 2 O containing 114.8 mL HCl) solution was slowly added. Aer stirring for 4 h at ice bath, the particles were isolated by centrifugation and washed with ethanol, and then dried in an oven at 80 C for 6 h.
Synthesis of mesoporous C/N-TiO 2 hybrid shells
In typical, 20.0 mg of as-prepared PS/PANI hybrids were dispersed in a mixture of ethanol (25.0 mL) and acetonitrile (7.0 mL) under vigorous stirring. Aer adding ammonia aqueous solution (0.2 mL), TBOT (0.4 mL) in a mixture of ethanol (3.0 mL) and acetonitrile (1.0 mL) was injected into the mixture. Aer stirring for 3 h, the PS/PANI/TiO 2 hybrids were isolated by centrifugation and washed with ethanol, and then dispersed in 20.0 mL tetrahydrofuran (THF) under vigorous stirring for 5 h to completely remove the PS template, the PANI/TiO 2 hybrids were isolated by centrifugation and washed with ethanol, and then dried in an oven at 80 C for 6 h. Aer that, the PANI/TiO 2 hybrids were calcined under N 2 protection at different temperature (500-800 C) for 4 h to crystallize TiO 2 , and carbonize PANI through pyrolysis. By controlling the calcination temperature at 500, 600, 700, and 800 C, the as-prepared C/N-TiO 2 hybrid shells were denoted as C/N-TiO 2 (500), C/N-TiO 2 (600), C/ N-TiO 2 (700), and C/N-TiO 2 (800), respectively.
Synthesis of pure TiO 2 and C-TiO 2 hybrid shells
In typical, 15.0 mg PS nanoparticles were dispersed in a mixture of ethanol (25.0 mL) and acetonitrile (7.0 mL) under vigorous stirring. Aer adding ammonia aqueous solution (0.2 mL), TBOT (0.4 mL) in a mixture of ethanol (3.0 mL) and acetonitrile (1.0 mL) was injected into the mixture. Aer stirring for 3 h, the particles were isolated by centrifugation and washed with water, and then dried in an oven at 80 C for 6 h. Aer that, the PS/TiO 2 core/shell hybrids were calcined under air and N 2 protection at 600 C for 4 h to produce TiO 2 (600) and C-TiO 2 (600).
Photocatalytic activity tests
(1) Photocatalytic pollute degradation. The photocatalytic activity of the C/N-TiO 2 hybrid shells was rstly investigated in degradation of organic pollutes (RhB and phenol). In a typical photocatalytic degradation experiment, 5.0 mg catalyst was dispersed in 25.0 mL RhB aqueous solution (
) or 25.0 mL phenol aqueous solution (10 mg L À1 ) in a quartz cell and then stirred in dark for 30 min to ensure equilibrium adsorption. The light sources of the visible lamp (400 W metal halide) with a 400 nm lter were used in a commercial photoreactor system (Xujiang XPA-7). The concentration of organic pollutes was measured with a UV-vis spectrophotometer (HR2000CG-UV-NIR, Ocean Optics).
(2) Photocatalytic H 2 production. In a typical run of photocatalytic H 2 production, 10.0 mg catalyst was dispersed in 10.0 mL of solution containing water and methanol (with volume ratio of water to methanol xed at 3) under stirring for 20 min, bubbled with nitrogen for 30 min to remove the dissolved oxygen, and then sealed with a paralm. The suspension was irradiated under stirring with a Xe light source (350 W) at power density 100 mW cm À2 . The visible light was ltered with a UVcutoff lter (400 nm). The photocatalytic system was maintained at room temperature. The gas produced were periodically withdrawn with a syringe and examined by a gas chromatography (GC). The quantum efficiency (QE) was calculated according to the following equation:
QE ½% ¼ number of reacted electrons number of incident photons Â 100%
Characterization
Morphologies were characterized with a transmission electron microscopy (TEM, JEM-2100) and a high-resolution TEM (HRTEM, Tecnai G2 F30 S-Twin TEM, FEI). The crystal phase was analyzed by XRD using a Bruker AXS D8 ADVANCE X-ray diffractometer. The specic surface and pore size were studied by using a Beishide 3H-2000PS2 analysis instrument. UV/Vis diffuse reectance spectra (Cary 5000, Varian) was used to test the optical properties. The phase composition was measured using an Axis Ultra X-ray photoelectron spectroscope (XPS, Kratos Analytical Ltd., UK) equipped with a standard monochromatic Al Ka source (hv ¼ 1486.6 eV).
Photoluminescence (PL) spectra were measured using a uo-rescence spectrophotometer (Hitachi F-7000), and the excitation wavelength was 315 nm. The total organic carbon (TOC) values of RhB solution were determined using a total organic carbon analyzer (Elementar vario TOC). The oxygen vacancies of the as-prepared samples were studied by electron paramagnetic resonance (EPR) measurements (A300-10/12, Bruker).
Results and discussion
Scheme 1 illustrates the procedures for preparing mesoporous C/N-TiO 2 hybrid shells. Specically, PS nanospheres were used as templates, loaded sequentially with layers of PANI and TiO 2 by in situ polymerization and sol-gel methods, respectively. Finally, the PS templates were removed and then PANI/TiO 2 hybrid shells are calcined under N 2 atmosphere, leading to the formation of C/N-TiO 2 hybrid shells. Fig. S1 † shows the morphology evolution from PS templates to PS/PANI/TiO 2 hybrids. Fig. 1a and b present the typical low and high magnied TEM images of C/N-TiO 2 (600) hybrid shells, where the shell thickness is $40 nm, and the particle size distribution of C/N-TiO 2 (600) hybrid shells from a statistical study of the TEM images was given in Fig. S2 . † The HRTEM image (Fig. 1c) indicates that the lattice fringes of 0.35 nm match the plane of anatase TiO 2 (101). The hollow structure of C/N-TiO 2 (600) hybrid shells can be further conrmed by highangle annular dark-eld scanning transmission electron microscope (HAADF-STEM), as shown in Fig. 1d . The corresponding energy dispersive X-ray spectroscopic (EDS) mapping of C, N and Ti are shown in Fig. 1e -g, indicating the homogeneous distribution of C and N elements in TiO 2 shell.
The calcination temperature is found to affect the morphology of C/N-TiO 2 hybrid shells. As shown in Fig. 2 , it can be clearly found that the nal hollow structure can be well maintained at the calcination temperature below 700 C. When the calcination temperature reaches 800 C, the hybrid shells are aggregated and the shell grains are grown into big particles. In order to clarify the C/N codoping effect, pure TiO 2 and CTiO 2 hybrid shells were also synthesized using a similar strategy. As started from PS which only contains C element, TiO 2 shell is then coated on surfaces of PS, followed by calcination under N 2 atmosphere, leading to the formation of C-TiO 2 hybrid shells. If the calcination is placed under air condition, carbon can be completely removed and then pure TiO 2 hollow spheres can be obtained. Fig. S3 † gives the typical TEM images of pure TiO 2 (600) hollow spheres and C-TiO 2 (600) hybrid shells. It can be seen that pure TiO 2 (600) hollow spheres maintains the hollow structure but with some broken shells, whereas CTiO 2 (600) can maintain the complete hollow structures. The tenacity of doped TiO 2 hybrid shells ( Fig. 1 and S1b †) is obviously superior to that of undoped TiO 2 hybrid shells (Fig. S1a †) , which may be attributed to the presence of graphite carbon resulted from PANI carbonization (as conrmed later by Raman spectra) that bridges TiO 2 crystalline grains and improves the shell integrity.
The chemical composition and element valence of C/NTiO 2 (600) hybrid shells as studied by XPS analysis are shown in Fig. 3 . The XPS survey spectrum (Fig. 3a) of C/N-TiO 2 (600) hybrid shells indicates the presence of Ti, C, O and N elements. The C 1s spectrum of C/N-TiO 2 (600) hybrid shells are shown in Fig. 3b . The peaks at 284.8, 285.9, 287.0, and 288.9 Ti bonds, respectively. The N 1s spectra of C/N-TiO 2 (600) hybrid shells ( Fig. 3c) can be attributed to pyridine N (398.3 eV), quaternary N (400.6 eV) and oxidized N (403.0 eV). Results indicate the successful C/N cooping in TiO 2 .
11 Fig. 3d is the high resolution Ti 2p spectra of pure TiO 2 (600) hollow spheres and C/ N-TiO 2 (600) hybrid shells. It can be seen that TiO 2 hybrid shells show two peaks at 458.1 and 463.8 eV, which contribute to the binding energies of Ti 2p 3/2 and Ti 2p 1/2 levels, respectively, indicating a normal state of Ti 4+ .
12 In addition, in contrast to pure TiO 2 (600) hollow spheres, the Ti 2p binding energy of C/NTiO 2 (600) hybrid shells shis toward high energy, which may be attributed to the C/N codoping in TiO 2 .
In addition, the electron paramagnetic resonance (EPR) was also used to investigate the oxygen vacancies in the samples. As shown in Fig. 4a , the pure TiO 2 (600) hollow spheres, CTiO 2 (600) and C/N-TiO 2 (600) hybrid shells show a resonance at about g ¼ 2.000, which is attributed to the signal of oxygen vacancy. It has been reported that the stronger peak intensity of EPR spectra suggesting the higher existing oxygen vacancy.
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Moreover, it can be seen from Fig. 4a that the signal intensity of oxygen vacancy increased with the doping of the C and N into TiO 2 , indicating an increased concentration of oxygen vacancy in C-TiO 2 (600) and C/N-TiO 2 (600) samples. The more oxygen vacancies indicate the higher degree of doping.
The phase structures of pure TiO 2 (600) hollow spheres, CTiO 2 (600) and C/N-TiO 2 (600) hybrid shells were investigated by XRD analysis and the results were presented in Fig. 4b . Most of the identied peaks for TiO 2 are assigned to anatase (JCPDS, no. 73-1764). However, it also can be observed that a small rutile diffraction peak at 27.5 in pure TiO 2 (600) hollow spheres and C-TiO 2 (600) hybrid shells, suggesting the presence of rutile phase. Notably, as for C/N-TiO 2 hybrid shells, the intensity and sharpness of the XRD peaks are strengthened with increasing calcination temperature, suggesting increased crystallinity of TiO 2 grains. When the calcination temperature reaches above 700 C, such as C/N-TiO 2 (800), rutile phase TiO 2 is the dominating phase.
The specic surface area and pore structure of pure TiO 2 (600) hollow spheres, C-TiO 2 (600) and C/N-TiO 2 hybrid shells were characterized by N 2 adsorption-desorption analysis. It has been reported that the high specic surface areas can favor increased photocatalytic activity.
14 Fig. 4c displays N 2 adsorption-desorption isotherms and their corresponding pore size distribution curves. It can be seen that all samples showed similar sorption isotherms and pore size distributions. The corresponding specic surface area, pore volume and pore size of different samples are summarized in Table 1 . It can be found that the C/N-TiO 2 (600) hybrid shells have the highest BET surface area and pore volume, which are believed to provide more active sites as photocatalysts.
UV/Vis diffuse reectance spectroscopy was further used to investigate the optical properties of as-prepared samples. The UV/Vis diffuse reectance spectra of pure TiO 2 (600) hollow spheres, C-TiO 2 (600) and C/N-TiO 2 hybrid shells were shown in Fig. 4d . The absorption band near 400 nm is ascribed to the band-edge absorption of anatase TiO 2 .
15 With the introduction of carbonized PS or PANI, the powder changes from white to black. In comparison with pure TiO 2 (600) hollow spheres, the absorption edges of C-TiO 2 (600) and C/N-TiO 2 (600) hybrid shells are found to shi towards the visible light region, and the C/N-TiO 2 hybrid shells exhibit enhanced visible light absorption with increasing calcination temperature. It is believed that the broad absorption in visible light region will enhance the effective utilization of solar energy. Fig. 5a shows the Raman scattering spectra of C/N-TiO 2 hybrid shells. The two characteristic peaks at about 1360 cm À1 (D band) and 1580 cm À1 (G band) for the graphite carbon can be clearly found, indicating the well degree of carbonization from PANI polymer to graphite carbon. 16 The D/G intensity ratios for C/N-TiO 2 hybrid shells increase with calcination temperature, suggesting increased carbonization degree.
It has been reported that the PL emission can be caused by the recombination of electron-hole pairs of photocatalysts, and the smaller PL intensity suggesting the lower recombination rate of electron-hole pairs.
17 Fig. S4 † shows the PL spectra of pure TiO 2 (600) hollow spheres, C-TiO 2 (600) and C/N-TiO 2 (600) hybrid shells excited at 360 nm. It can be obviously seen that pure TiO 2 (600) hollow spheres have a high intensity emission peak at around 395 nm, whereas the intensity decreases for CTiO 2 (600) hybrid shells, and weakens a lot for C/N-TiO 2 (600) hybrid shells. Fig. 5b shows the PL spectra of C/N-TiO 2 hybrid shells. It is observed that the PL intensity of C/N-TiO 2 (600) hybrid shells displays the lowest PL intensity in comparison with others. The results indicate that the recombination of photogenerated electron-hole pairs is effectively suppressed due to the codoping of C and N. The electrically conductive graphite carbon in C-TiO 2 (600) hybrid shells is benecial for electron transmission, and the introduction of N in C/N-TiO 2 hybrid shells can act as trapping centers for photogenerated electrons which further enhance the separation efficiency of electron-hole pairs.
The photocatalytic activities of pure TiO 2 (600) hollow spheres, C-TiO 2 (600) and C/N-TiO 2 hybrid shells were evaluated by the degradation of organic pollutions RhB and phenol under visible light irradiation. The photocatalytic activity of samples was rstly evaluated by monitoring the degradation of RhB under visible light irradiation. In order to make the as-prepared samples more comparable, the carbon content in C/N-TiO 2 (600) hybrid shells was maintained similar to that in the C-TiO 2 (600) hybrid shells by controlling the amount of PANI coating, which was measured by elementary analysis and the results were given in Table S1 . † As shown in Fig. 6a and b , the degradation efficiency of RhB reaches 90% and 72% within 100 min for C/NTiO 2 (600) and C-TiO 2 (600) hybrid shells, respectively. However, pure TiO 2 (600) hollow spheres can convert only about 35%. The apparent reaction rate for C/N-TiO 2 (600) (k ¼ 0.022 min À1 ) and C-TiO 2 (600) hybrid shells (k ¼ 0.014 min À1 ) are 5.0 and 3.2 times higher than that for pure TiO 2 (600) hollow spheres (k ¼ 0.0044 min À1 ), respectively. The photocatalytic results conrm that the incorporation of C and N into TiO 2 can signicantly enhance their photocatalytic activities. Fig. 7a and b shows the results of RhB degradation using C/N-TiO 2 hybrid shells. It is clearly observed that the photocatalytic activity of C/N-TiO 2 (600) hybrid shells exhibits the best photocatalytic performance. The apparent quantum efficiency for C/N-TiO 2 (600) hybrid shells photocatalyst is calculated to be 0.89%. The photocatalytic activities of C/N-TiO 2 (600) hybrid shells are superior to the reported non-metallic element-doped TiO 2 hybrids in RhB degradation, as listed in Table S2 . † To further conrm the mineralization of RhB, changes in TOC values of RhB solution using C/N-TiO 2 (600) hollow hybrids photocatalysts aer visible light irradiation were detected ( Fig. S5 and Table S3 †). It can be seen that TOC removal proceeds much more slowly than the optical color change.
18 The decreasing in TOC values of RhB solution indicates that most RhB molecules were degraded into CO 2 aer visible light irradiation in the presence of C/N-TiO 2 (600) photocatalysts. As for degradation of phenol under visible light irradiation, C/NTiO 2 (600) hybrid shells also exhibited the highest photocatalytic activity as compared with pure TiO 2 (600) hollow spheres and CTiO 2 (600) hybrid shells ( Fig. 6c and d) , where 84% of phenol was degraded within 150 min (k ¼ 0.012 min À1 ) with 0.56% apparent quantum efficiency. The photocatalytic activity of C/NTiO 2 hybrid shells for phenol degradation follows the same order as degradation on RhB ( Fig. 7c and d ). In addition, the recyclability of the C/N-TiO 2 hollow hybrids has also been investigated. It can be seen that the photocatalytic activity of C/ N-TiO 2 hybrid shells towards RhB and phenol degradation under visible light irradiation were slightly decayed aer six consecutive runs (Fig. 8) , but still had high photocatalytic performance, suggesting their high stability and recyclability. Herein, the C/N-TiO 2 hybrid shells were also studied in photocatalytic H 2 production under visible light irradiation in methanol aqueous solution. Fig. 9a shows data for a photocatalytic activity comparison of pure TiO 2 (600) hollow spheres, C-TiO 2 (600) and C/N-TiO 2 (600) hybrid shells in H 2 production. The highest H 2 production activity, as observed for C/NTiO 2 (600) hybrid shells, is about 291 mmol h À1 g À1 with 0.9% apparent quantum efficiency. Fig. 9b compares the photocatalytic activity of C/N-TiO 2 hybrid shells in H 2 production, which follows the same order as degradation on organic pollution. In addition, the activity sequences are the same if the photocatalytic activity is normalized to the specic surface area. The stability of C/N-TiO 2 (600) hybrid shells in photocatalytic H 2 production was also studied, as presented in Fig. 9c . It can be seen that the C/N-TiO 2 (600) hybrid shells can still exhibit high photocatalytic performance aer ve cycles. The C/N-TiO 2 (600) hybrid shells can exhibit the best photocatalytic activity mainly owing to their well-dened hollow structure with high specic surface area, and appropriate anatase-rutile mixed phases.
Based on above analysis results, a possible mechanism of photocatalytic reaction under visible light irradiation over C/NTiO 2 hybrid shells was proposed. When the C/N-TiO 2 hybrid shells were irradiated under visible light, VB electrons from TiO 2 could be excited due to the narrowed band gap of TiO 2 coming from C doping. In addition, the incorporation of graphite carbon in TiO 2 could facilitate the electron transmission, and the presence of N in C/N-TiO 2 hybrid shells could act as trapping centers for electrons. As a result, separation efficiency of electron-hole pairs could be greatly enhanced that leading to improved photocatalytic activity. During the photocatalytic process, the photogenerated electrons on the hybrid shells not only can be trapped by O 2 , producing oxygen free radicals (cO 2 À ), but also can reduce H + ions to produce H 2 .
Meanwhile, the photogenerated holes can react with H 2 O or hydroxide ions, producing hydroxyl radicals (cOH). Both oxygen free radicals and hydroxyl radicals are the powerful oxidizing species for organic pollution degradation. The generated cOH radicals during the photocatalytic reactions under visible light are detected by using uorescence method using terephthalic acid as a probe molecule, which can react with cOH to produce a uorescent substance.
19 Fig. 10a shows the change of uo-rescence spectra with irradiation time under visible light irradiation, indicating cOH generation for C/N-TiO 2 (600) hybrid shells. Fig. 10b shows the comparison of uorescence intensity for different samples at a xed time (30 min). As we known, the uorescence intensity is related to the amount of produced cOH. It can be clearly seen that C/N-TiO 2 (600) hybrid shells show the highest amount of cOH radicals. It is further indicating the sample C/N-TiO 2 (600) has higher photocatalytic activity than other photocatalysts. The above experiments results further conrm that cOH radicals are active species in photocatalytic reactions. It has been indicated that the catalytic efficiency of photocatalysts mainly depends on the efficiency Fig. 8 Recyclability of C/N-TiO 2 (600) hybrid shells as photocatalysts in degradation of RhB and phenol under visible light irradiation. Fig. 9 Comparison of the photocatalytic production of H 2 (a) using TiO 2 , C-TiO 2 (600) and C/N-TiO 2 (600) hybrid shells and (b) using C/NTiO 2 hybrid shells as photocatalysts under visible light irradiation. (c) The recyclability of C/N-TiO 2 (600) hybrid shells as photocatalysts in H 2 production under visible light irradiation.
utilization of solar energy and the separation efficiency of the electron-hole pairs. 20 The codoping of C and N and the incorporated electrically conductive graphite carbon in TiO 2 shells are believed to contribute to light absorption and the separation efficiency of the electron-hole pairs, thereby resulting in high photocatalytic performance.
Conclusions
In summary, mesoporous C, N-codoped TiO 2 (C/N-TiO 2 ) hybrid shells incorporated with graphite carbon were synthesized, where PANI functioned as both C and N doping sources and supplied the graphite carbon, which can contribute to improve the visible light absorption and photogenerated electron-hole pair separation efficiency of TiO 2 , and nally lead to enhanced photocatalytic activity. Results showed that C/N-TiO 2 (600) hybrid shells exhibited the best overall photocatalytic activity in degradation of organic dyes and H 2 production under visible light irradiation, which could be attributed to the enhanced visible light absorption and charge separation efficiency associated with the codoped-C and N and the presence of graphite carbon. The strategy provided here will provide a promising route for the construction of other C/N-semiconductor hybrid shells for broader applications. 
